This paper presents the results of numerical simulation of turbulent flow of CO 2 at supercritical pressure (SCP) in a uniform heated vertical tube using the large eddy simulation (LES) with the Smagorinsky subgrid scale (SGS) model. Unstructured Cartesian grids with local anisotropic refinement were used for modeling hydrodynamics and heat transfer in a circular pipe. Such grids unlike structured grids in cylindrical coordinates allow one to construct more optimal meshes for the LES method. In addition, such meshes allow one to simulate flows in channels of arbitrary cross-section. To verify the proposed methodology the results of the direct numerical simulation were used. Numerical simulations have been performed using the "in-house" CFD code ANES.
INTRODUCTION
During the last decades, the problem of development of the nuclear power plants with supercritical pressure (SCP) water is intensely discussed [1] . Single-circuit plant layout with a nuclear reactor cooled by SCP water, delivery to a turbine of slightly activated steam of 25 MPa/540C parameters, and steam reheating make it possible to reach a thermal efficiency that is close to that of the thermal power plants burning fossil fuels. Due to using pseudo phase transition heat (~1400 kJ/kg) and reducing the water flow rate through the reactor, the dimensions of the equipment and the plant as a whole can be substantially decreased and a considerable gain in capital cost can be obtained. ____________ Therefore it is very important to use the computer simulation of hydrodynamics and heat transfer to SCP water in the channels of the nuclear reactor in different operation conditions for safety substantiation at the stage of pre-design studies of new generation nuclear power plants. At present computer simulations of turbulent heat transfer in channels are used different approaches which based on: the Reynolds averaged Navier-Stokes equations (RANS), large-eddy simulation (LES), direct numerical simulation (DNS) of turbulence, and various hybrid methods (RANS+LES).
In most cases, results obtained using RANS models are quite satisfactory for practical purposes. However, for liquids with highly variable properties (typical representatives of which are the SCP coolants), RANS models do not allow to obtain reliable data for the regimes with a strong deterioration of heat transfer. In this sense very revealing the work S.H. Kim et al. [2] , in which 14 popular models for the turbulent viscosity was used for heat transfer simulations of water upward flow in the heated pipe with performance parameters corresponding to the experiments of K. Yamagata et al. [3] . Although there were no regimes with a strong deterioration of the heat transfer, 10 models have shown quite unsatisfactory results, other models have led only to qualitative agreements.
There are several works [4, 5, 6] in which the DNS methods were used for predicting turbulent heat transfer to SCP CO 2 in a vertical tube for the inlet conditions Re 0 =5400, P 0 =8MPa, T 0 =301.15 K and the length of the tube L/d=30 (dthe diameter of the tube). In these works, structural meshes were used with numbers of cells about 710 6 in [4] , 6210 6 in [5] and 6.310 6 in [6] . As follows from the comparison of the results of J. Bae et al. [4] , H. Nemati et al. [5] and J. Yan et al. [6] for two regimes (marked «B» and «C» in [4] ) noticeable differences in wall temperature were observed.
In the present paper, the results of simulation of the «B» and «C» cases from [4] using the LES method for unstructured Cartesian grids with local refinement [7] , implemented in the "in-house" CFD code ANES [8] are compared with DNS date [4] [5] [6] .
COMPUTATIONAL DETAILS
Three-dimensional non-steady equations of the LES [9] , written in the dimensionless form in the Cartesian coordinate system were used. For low-speed internal flows, the compressibility effects and viscous dissipation in the energy equation may not be considered (low Mach-number assumption).
The Smagorinski subgrid scale (SGS) model [10] with the damping function of U. Piomelli et al. [11] was used:
where  , sgs  -the molecular and subgrid turbulent viscosities, i u -the velocity components,  -the density, y -the distance from the wall, P -the perimeter of the tube, V  -the cell volume, w  -the shear stress in the wall. The unstructured Cartesian grid is shown in Figure 1 Time derivatives were calculated using the second order three-layer scheme. Spatial derivatives were approximated using the modified second order centraldifference scheme which was protected from divergence by special algorithms. To solve the equations of hydrodynamics, a combination of SIMPLE and PISO algorithms was used, which made it possible to carry out the calculations without low relaxation and with a relatively small number of iterations at a time step. The dimensionless time step ( = 0.01...0.02) was chosen from the condition that the Courant criterion is equal to 0.5. To set the turbulent content at the entrance to the pipe, the PIG (Periodic Inlet Generator) of the ANES code was used. The algorithms of PIG and input turbulence generators in [4] [5] [6] are similar. The quality of the generated turbulent content is shown in Figure 2 . ; diameter of the tube -2.0 mm. The NIST REFPROP database was used for properties [13] . Figure 3 shows a comparison of the dimensionless mean wall temperature with the DNS data [4] [5] [6] . Figure 3 also shows the results of the present work performed by using RANS method with two popular models for turbulent viscosity: LaunderScharma (LS) and SST.
As noted in the work [5] the main discrepancies between the results of work [5] and that of work [4] are different mesh resolution, fluid property databases, and numerical schemes. Note that the authors of [6] used the same database for properties, as in [5] , but obtained noticeable differences in the results from the data of [6] . At the same time, as noted in [6] , an increase in mesh resolution does not change the results. The data of the present paper are in good agreement with the results of [4, 6] . LS and SST turbulence models did not allow to obtain realistic results for considered cases. The authors [14] came to a similar conclusion regarding the LS model.
CONCLUSION
The above simulation results show that the LES with the Smagorinsky SGS model and Piomelli damping function can be used for prediction the turbulence flow of a supercritical coolant and deterioration due to buoyancy effect.
